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The Hallmarks of Cancer
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The Tumor Microenvironment
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Organotypic vasculature: From descriptive heterogeneity
to functional pathophysiology

Hellmut Augustin and Gou Young Koh, Science 2017






Comparison of BBB and LSEC Endothelium

Feature

Barrier property

Junctions

Basement membrane

Transport
mechanisms

Pericytes &
astrocytes

Main function

BBB Endothelial Cells

Extremely tight barrier

Continuous tight junctions (claudins,
occludin, ZO-1) that prevent
paracellular diffusion

Thick and continuous

Selective transporters (e.g., GLUT1,
ABC transporters) tightly regulate entry
of nutrients

Supported by pericytes and astrocyte
end-feet, forming a neurovascular unit

Protects the brain by maintaining
homeostasis and excluding toxins

Liver Sinusoidal Endothelial Cells
(LSECs)

Highly permeable

Discontinuous or fenestrated with open
pores (100—200 nm) allowing plasma
exchange

Discontinuous or absent

Nonselective diffusion of solutes and
macromolecules

No astrocytic coverage; surrounded by
hepatocytes and Kupffer cells

Facilitates exchange for metabolism
and detoxification
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With permission from American Association for Cancer Research.
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Courtesy of T. Tammela and K. Alitalo.
Copyright © 2023 W. W. Norton & Co., Inc.



Angiogenesis in tumor progression
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Angiogenesis

Definition: Growth of new blood vessels from existing ones
Relevance: Necessary for tumor growth

Figure 13.30 Recruitment of capillaries by an implanted tumors



Tumor vascularization

Angiogenesis : the formation of new blood vessels
Vascular co-option: use of preexisting vessels

Vascular mimicry: transdifferentiation of cancer cells
to endothelial cells



The angiogenic switch is essential for tumor expansion

angiogenic
switch

< 5 weeks 5-7 weeks 7-12 weeks | 12-14 weeks
100% ~50% 0% | 2-4%
normal islets hyperplastic islets angiogenic islets tumors

Figure 13.35 The Rip-Tag model of islet cell tumor progression.



Multiple abnormalities of tumor blood vessels
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Tumor vessels are abnormal because they adapt to the
abnormal microenvironment in tumors

Endothelial cell

abnormalities of
tumor vessels

| - Abundant
| - Sprouting
- Upregulation of angiogenic molecules
- Leakiness




Normal blood vessel Tumor blood vessel




Pericyte abnormalities of tumor blood (/!sel
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A Timeline of VEGF Discovery

Judah Folkman (1933-2008)

VA s
- ¥ 1990: VPF purified, partially ;ﬁ%‘%; .
@) N isolated, and matched with VEGF e S
S N |
1939-1945: @ W 1993: Anti-VEGF antibodies ,J
Existence of blood- 1948-1956: Soluble - demonstrated to reduce tumor @
vessel growth- angiogenic factor(s) 1971: A novel concept of 1989: VEGF isolated and cloned antiogenesis
stimulating factors first described. The term anti-angiogenic cancer
hypothesized “Factor X” is coined. therapy proposed 1996: VEGF found to
g 1983: Identification of VPF be critical to early
(vascular permeability factor) vascular development
1940 1945 1950 1955 1970 1975 1980 1985 1990 1995 2000

Apte et al., Cell Review 2019

Effects of angiogenesis inhibitors
* On blood vessels? Stop the growth of new blood vessels

* On tumor cells? Stop tumor growth



Targeting VEGF family members and receptors

' Aflibercept
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VEGF as a vascular permeability modulator

Control

VEGFA 2 minutes

B vEcadherin [l DAPI Leakage
Human dermal microvascular endothelial cells in culture

Trends in Molecular Medicine
Figure |. Comparison of Control and VEGFA-Stimulated Microvascular Endothelial Cells. Leakageis detected
by fluorescent streptavidin (yellow) bound to biotin in the substrate in an in vitro vascular permeability imaging assay

(Merck KGaA, Darmstadt). Separations of junctions in cultured human dermal microvascular endothelial cells exposed
to VEGFA are larger and more numerous than occur in vivo.

Figure 13.33 Capillary permeability following an adenoviral expression of VEGF-A



FDA-approved drugs targeting VEGF-regulated pathways
in oncology (in combination with other therapies)

Adapted from Zirlik and Duyster (2018).

1. Bevacizumab (target: VEGF-A): locally, advanced, metastatic, or

recurrent colorectal cancer (CRC); metastatic NSCLC; recurrent

glioblastoma; cervical cancer; certain recurrent epithelial ovarian,

fallopian tube, or primary peritoneal cancer; metastatic RCC

Ziv-aflibercept (targets: VEGF-A, VEGF-B, PIGF): metastatic CRC

3. Ramucirumab (target: VEGFR2): metastatic CRC, metastatic
NSCLC, gastric or gastroesophageal adenocarcinoma

4. Multiple TKls (sorafenib, sunitinib, regorafenib, pazopanib,
axitinib, vandetanib, lenvatinib, cabozantinib): various cancers
depending on the specific TKI, including RCC, hepatic cell carci-
noma, thyroid cancer, pancreatic neuroendocrine tumors,
gastrointestinal stromal tumors, soft tissue sarcoma, medullary

thyroid cancer Apte et al., Cell Review 2019

A




Tumor vessels have abn_ormal endothelial cells and
pericytes

“

Normal capillary: Stable- insensitive to VEGF inhibitors
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Tumor vessel: Unstable- sensitive to VEGF inhibitors
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Survival advantage in metastatic colorectal
cancer with anti-VEGF antibody treatment

4.7-month survival

100- / advantage (P < 0.001)
80+ 15.6 20.3
Oveal 60— l IFL + bevacizumab
survival e ' N =402
(%)
20+ IFL + placebo
N =411
0 T ' T T 1
0 10 20 30 40

Months of treatment

IFL: Irinotecan, Fluorouracil, and Leucovorin
Hurwitz et al. NEJM 350: 2335-42, 2004



Anti-VEGF antibody action in metastatic breast
cancer: No significant overall survival advantage

100 1.5-month survival
advantage (P =0.16)
80 252mo _—
26.7 mo
Overall
SUWVIVAL  |ccsmmrmssrsoncmmmmnnar ot _
: Paclitaxel +
(%) 40— bevacizumab
N = 368
20— .
Paclitaxel
i N = 354
0 | | 1 i = | | | | |

0 6 12 18 24 30 36 42 48 54

Months of treatment
Miller et al. NEJM 357:2666-76, 2007



J Neurooncol (2010) 99:237-242
DOI 10.1007/s11060-010-0121-0

CLINICAL STUDY - PATIENT STUDY

Rebound tumour progression after the cessation of bevacizumab
therapy in patients with recurrent high-grade glioma

Richard M. Zuniga * Roy Torcuator * Rajan Jain * R. Torcuator - T. Mikkelsen

John Anderson * Thomas Doyle * Lonni Schultz - Department of Neurosurgery, Henry Ford Health System,
Tom Mikkelsen Detroit, MI, USA
. 1,2 oot 2 6 e 1,3
Annals of v LR W. Cacheux™, T. Boisserie”, L. Staudacher”, O. Vignaux ",
New Editor-in-Chief B. Dousset”, O. Soubrane’, B. Terris’, C. Mateus?,

= | PO -1-
OnCOIOgY Jdl’l B. Vermorken S. Chaussade® & F. Goldwasser"**

1 = . e 4 = b} . :
Annals of Oncology Advance Access originally published online on August 5, 2008 {‘\“8'086“65’5 Inhibitors Study Group, “Department of Medical Oncology,
Annals of Oncology 2008 19(9):1659-1661: doi: 10.1093/annonc/mdn540 *Department of Radiology, *Department of Liver Surgery, “Department of
Pathology, *Department of Hepatogastroenterology, Université Paris Descartes,

Hopital Cochin, Assistance Publique-Hopitaux de Paris, Paris, France
(*E-mail: francois.goldwasser@cch.aphp.fr)

Reversible tumor growth acceleration following bevacizumab interruption in
metastatic colorectal cancer patients scheduled for surgery

letters to the editor



Response to VEGF inhibition in liver metastases of RT2;AB6F1
mice (1-week treatment)

aflibercept treatment from age 15 to 16 weeks
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Acquired resistance to VEGF inhibition in liver metastases
after prolonged treatment

aflibercept treatment from age 15 to 20 weeks

control

aflibercept

control control (n = 64)
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. o (15wks)  Days Elapsed after Treatment



What are the mechanism of resistance to
VEGF inhibitor?

Other growth factors — from tumor cells or inflammatory cells
Tumor cells can co-opt normal blood vessels

VEGF-driven vessel regrowth can occur after VEGF
Inhibition is stopped

Intratumoral hypoxia can activate other angiogenic factors
that drives invasion and metastasis



Multiple effects of VEGF inhibition: slowing of tumor growth,
vascular pruning, and induction of intratumoral hypoxia

L3 TRV N

Venhicle

inhibitor

Days of
treatment

Pimonidazole
Human pancreatic adenocarcinoma (Panc-1) B cD31




Angiogenesis inhibitor actions on pancreatic neuroendocrine tumors:

Hypoxia after rapid pruning of tumor vessels
‘Blood vessels (CD3"

100 um

Untreated tumor in RIP-Tag2 mouse Angiogenesis inhibitor



Effects of angiogenesis inhibitors
. Vascular normalization

* On blood vessels?
Stop the growth of new blood vessels
Destroy some existing blood vessels
Normalize surviving blood vessels

Normal Abnorma |

* On tumor cells?
Stop tumor growth
Kill tumor cells by starving the tumor
T Drug delivery?



Benefits of vascular normalization from angiogenesis inhibitors
are dose- and time-dependent

Normalization window is
dose- and time-dependent

. = . . . A Excessive pruning
Vascular normalizing doses of antiangiogenic
treatment reprogram the immunosuppressive tumor "o
microenvironment and enhance immunotherapy ° e,
Yuhui Huang?, Jianping Yuan®, Elda Righi®, Walid S. Kamoun?, Marek Ancukiewicz®, Jean Nezivar®, 8 ,,’dohr
Michael Santusuossub, John D. Martin®, Margaret R. Martin®, Fabrizio ‘-.f‘ianellu", Pierre Lehlan:h, Lance L. Munn®, =
Peigen Huang®, Dan G. Duda®, Dai Fukumura®, Rakesh K. Jain®", and Mark C. Poznansky"

No effect on vessels

PNAS 2010 -

Time >




Targeting the tumor vasculature in cancer treatment

Tumor vasculature with
structural and functional
abnormalities

Blood flow

Leaky vessel

Anti-angiogenic
therapies
(e.g. anti-VEGF)

——

Excessive vascular
pruning

W% Hypoxic T * Hypoxia

SN

‘fl tumor cells 1 { Drug delivery

- - e < | Hypoxia
Blood flow | T Vascular perfusion
= s s @ T Drug delivery

Vascular normalization

Tong et al. Caner Res 64: 3731-36, 2004
Rakesh Jain Science 307: 58-62, 2005



Tumor vascular abnormalities induce immune suppression

T T Hypoxia

Tumor vasculature with
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Targeting the tumor vasculature to promote immune
activation and increase immunotherapy efficacy

Atezolizumab plus Bevacizumab
in Unresectable Hepatocellular Carcinoma

Finn et al., NEJM. 2020

Atezolizumab plus bevacizumab versus sunitinib in patients
with previously untreated metastatic renal cell carcinoma
(IMmotion151): a multicentre, open-label, phase 3,
randomised controlled trial

Rini et al., Lancet. 2019

Improving immune—vascular
crosstalk for cancer immunotherapy

Yuhui Huang, Betty Y. S. Kim, Charles K. Chan, Stephen M. Hahn,
Irving L. Weissman and Wen Jiang N at R ev Immun Ol 201 8

Improving immunotherapy outcomes
with anti-angiogenic treatments and
vice versa

Kabir A. Khan* and Robert S. Kerbel* Nat ReV Calin OnCOI. 201 8

Enhancing cancer immunotherapy
using antiangiogenics: opportunities
and challenges

Dai Fukumura, Jonas Kloepper, Zohreh Amoozgar, Dan G. Duda

and Rakesh K. Jain
Nat Rev Clin Oncol. 2018



Anti-PD-L1 plus anti-VEGF in unresectable HCC

A Overall Survival

100+
90
80 Atezolizumab-bevacizumab
70
X 60-
B §0mh o e T . No. of Events/ Median Overall Overall
-2 No. of Patients Survival Survival
3 40 Sorafenib (%) (95% Cl) at 6 Mo
30 mo %
20- Atezolizumab- 96/336 (28.6) NE 84.8
104 Bevacizumab
o Sorafenib 65/165 (39.4)  13.2 (10.4—NE) 72.2
| I I I 1 I I 1 I

T T 1 | — —
0 1 2 3 4 5 6 7 & 9 1011 12 13 14 15 16 17 Stratified hazard ratio for death, 0.58

Months (95% Cl, 0.42-0.79)
P<0.001

Finn., N Engl J Med 2020



Current clinical studies testing combinations of antiangiogenic agents

and immune checkpoint inhibitors

Immune-checkpoint blockade studies

Ipilimumab (anti-CTLA-4  Bevacizumab (7.5 or

mADb; 3 or 10 mg/kg)

Durvalumab (anti-PD-L1

mADb)

Pembrolizumab

(anti-PD-1 mAb)

Nivolumab (anti-PD-1
mAb)

Ipilimumab or nivolumab

MOXR0916 (agonistic
anti-TNFRSF4
mAb) +atezolizumab

(anti-PD-L1 mAb)

Tremelimumab
(anti-CTLA-4 mAb) or

durvalumab

Ipilimumab

Atezolizumab

(anti-PD-L1 mAb)

RO7009789 (agonistic
anti-CD40 mAb)

15mg/kg)

Bevacizumab
Bevacizumab
Bevacizumab

Bevacizumab
(combined with
ipilimumab only)

Bevacizumab

Bevacizumab

Cabozantinib
(VEGFR TKI)

Vanucizumab

(bi-specific mAb

targeting VEGF and

ANG2)

Vanucizumab

Advanced-stage
melanoma

Glioblastoma

Glioblastoma

NSCLC

Metastatic melanoma

Advanced-stage solid
tumours

Resectable CRC liver

metastases

Metastatic
genitourinary tumours

Advanced-stage solid
tumours

Metastatic solid
tumours

* Phase |: 8 of 46 patients had a PR, and 22 had SD

® Increased numbers of tumour CD8* T cells and
CD163"* dendritic macrophages, and increased
numbers of circulating memory T cells with
combination versus ipilimumab alone

Phase lI: active, not recruiting (PFS, OS, and AEs)

Phase lI: active, not recruiting (RP2D and/or MTD
of combination, and PFS)

Phase [: active, not recruiting (safety and

tolerability, ORR, and RFS)

* Phase NA: complete

* High pre-treatment serum ANG2 associated
with worse OS

* [pilimumab increased serum ANG2? levels and
ipilimumab plus bevacizumab decreased serum

ANG2? levels

Phase [: active, not recruiting (AEs, DLTs, and
ORR)

Phase |: recruiting (feasibility and RFS)

Phase |: recruiting (AEs, RP2D, ORR, and PD-L1
and MET expression)

Phase [: active, not recruiting (MTD, AEs, and
ORR)

Phase I: recruiting (safety, pharmacokinetics
and pharmacodynamics, and therapeutic
activity)



The mechanistic contribution of antiangiogenic therapy to clinical
response when combined with immunotherapy remains elusive.

Tumor-associated
macrophages (TAM)
Dendritic cells

T cells

Extracellular matrix (ECM)

Cancer-associated fibroblasts

& Tecell
* Macrophage
‘& Tumor cell

Extracellular matrix
2 Fibroblasts



Melanoma : highly aggressive cancer

Stages of Melanoma

stage ; stage I ; Stage Il ; Stage IV Response to immune checkpoint
‘ i i i ' . lized idermi ' i d to lymph ' * Metastasis to oth = =y :
e vome- ol B oo b L+ gt inhibitor therapies
' ' ' * Lymph node involvement

* Anti-PD-1: 5-year overall survival
of 44%

* Anti-PD-1 + anti-CTLA-4: 5-year
overall survival of 52%

Cancerous
lymph node

* Primary resistance in 30-50% of

, ; : patients and secondary resistance
e E E in 20-30%

—

Blood vessel e ——

—

Atkins et al., Clinical Cancer Res, 2021



High pretreament ANGPT2 expression associates with resistance
to PD-1 blockade in melanoma patients

Responder Non-responder Q 1o P=0.003
Patient 1 Patient 2 Patient 1 Patient 2 N ' !
ho 8-
2
< 1 /7
o
> 47
@ T
5 27["
©
®
[CJANGPT2 &’ Responder Non-

responder



T-cell exclusion: a mechanism of immune evasion and resistance
to iImmunotherapy

Inflamed Immune excluded Immune desert
Immune cells infiltrated CD8+ T cells accumulated but CD8+ T cells absent from tumor
have not efficiently infiltrated and its periphery




Angiopoietin-2 (ANGPT2)/TIE2 signaling pathway
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ANGPT2 upregulation and increased vascular leakage in the
tumor periphery

CD8 T-cells ANGPT2 Vascular leakage
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Functional studies for ANGPT2 in mice

YUMM1.7

* Braf’¢%%t Pten”, and Cdkn2a”
* Resistant to checkpoint blockade

e Day 0
Pharmacological </
Inhibition >N

C57BL/6 mice

YUMMER1.7 (YUMM Exposed to Radiation)

* BrafV¢%€ Pten”, and Cdkn2a™”
« Additional somatic mutation by UV exposure
* Responsive to checkpoint blockade

Collaboration with Dr. Amanda Lund at NYU

Perfusion
Day 11 Day 27

A A A A A
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anti-ANGPT2 (REGN910)

Tamoxifen Perfusion

Genetic %) w 7VVVVs 11
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Week
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Reduced vascular leakage at the tumor periphery after
ANGPT2 inhibition in melanoma
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ANGPT2 blockade exhibits significant anti-tumor efficacy in

Tumor apoptosis
Control
Subcutaneous injection of x10¢10? YUMMERHVIA .7 TIoAP)
YUMMER1.7 or YUMM1.7 cells 20207 TIAC3 Control
(Braf'®™t Pten--, and Cdkn2a~") P COI:]tI’Ol — anti-ANGPT2
‘eE y anti-ANGPT2 ----
gETS 10 4 p=0.003
= Perfusion g& y T s
) Dayo 1114 2730 2210 Anti-ANGPT2 2 R
S W — s> 2T 6 ¢
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0 02 2 ©& 8610 g2 18 162 = ﬁ’j
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CD8* T cells mediate anti-tumor response to
ANGPT2 inhibition

YUMMER1.7
x102 Control anti-ANGPT2 anti-ANGPT2+anti-CD8a
20 - .
IgG or anti-CD8a 151 |
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- 200 i i
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Angiopoietin-2-dependent spatial vascular destabilization promotes
T-cell exclusion and limits immunotherapy in melanoma

» CD8* T-cells

®.% Tumor cells ANGPT2 4 Stable + non-leaky vessels
4" Apoptotic cells / Unstable + leaky vessels /

Perlr.y y .-r\(‘
= o g Anti-ANGPT2 /. |
/ « Tumor Core \ _— Tw'nor Co& .

CD8* T-cell infiltration 4
Checkpoint inhibitor efficacy 4

Park et al., Caner Res. 2023



Mechanistic insights into tumor immune activation mediated by
ANGPT2 inhibition

Activation
and proliferation

Proinflammatory

polarization
T ® Macrophage
: e o o
ANGPT2 inhibiti IFN-y-induced
rhibition chemokine production ® @
| o
@0 “—Galectin-S* — |. +—
ANGPT2—@ || —TIE2 CXCL9 and cxcL10 4

Endothelial cell

Unpublished



ANGPT2 blockade suppresses growth of liver metastases from

PanNET by promoting T cell recruitment

ANGPT2

FOXO01
QARTNNG

ANGPT2
@ ANGPT1
@
O
@ o
[ ] @

TIET ectodomain
cleavage

o®
®

Weibel-
Palade body

4 Vascular Leakage

PanNET liver metastases

= ANGPT2 inhibition

v

Reduced liver metastases

Endothelial integrity $
Vascular leakage 4
T-cell infiltration |

=@ Endothelial cell
. Pericyte
@® cD8 Teell
® cCD4 Teel

Endothelial integrity 4
Vascular leakage |
T-cell infiltration 4

Lee et al., J. Clin. Investig. 2023



What we learned today

Overview of tumor angiogenesis — both phenotypic and functional
aspects

Mechanisms of tumor vascularization, including vascular co-option

Effects of angiogenesis inhibitors and mechanisms of therapeutic
resistance

Concept of vascular normalization and its impact on immune
stimulation

Role of vascular normalization via ANGPT2 targeting in reducing T-
cell exclusion and enhancing immunotherapy efficacy (Kim Lab)



Vessel co-option and angiogenic switch

Ang2 or ANGPT2: angiopoietin-2
VEGF: vascular endothelial growth factor

Tumor Hypoxic avascular tumor Ang2 s
| _Ang2 Vascular Angiogenic VEGF 4
destabilization , Switch
> Necrotic > —» Tumor growth
Vascular Tumor core
regression

Holash et al., Science 1999
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